ABSTRACT In order to determine the origin and migration of ukigori primordial germ cells (PGCs), we observed the aggregation of vasa mRNA by whole mount in situ hybridization. To observe PGC migration in the germ layers, we analyzed HE-stained paraffin sections. The germ line lineages were derived from the edge of the first, second and third cleavage furrows. During subsequent cleavages, vasa mRNA aggregations were respectively taken into four to eight cells in each embryo and vasa expressing cells proliferated from the sphere stage. At the bud to early somitogenesis period, PGCs aligned from head to tail bud regions on both sides of the embryonic body. During the late somitogenesis period, PGCs mainly aggregated just underneath the body axis. After gut formation, PGCs aligned along both sides of the gut at the 4th-to 8th-somite regions. Finally, PGCs reached the genital ridge via the inside of the lateral plate mesoderm and dorsal peritoneum. These results suggest that localized patterns of vasa transcripts and the migration routes of PGCs are different among fish (Teleost) species, perhaps depending on the amount of germinal cytoplasm derived maternally and the timing of endoderm differentiation.
Introduction
All sexually reproducing organisms arise from gametes. In turn, all gametes arise from primordial germ cells (PGCs), a small population of cells set aside from other cell lineages early in development. In many animals, PGCs have to migrate from the position where they are specified toward the genital ridge during the embryonic development (Reviewed by Wiley, 1999) . During migration, PGC properties continuously change, although they essentially maintain developmental totipotency. These characteristics of PGCs make them an attractive system for studying cell fate specification, differentiation and migration (Reviewed by Raz, 2002) . In addition, it is possible that PGCs could serve as tools for advanced technologies and reproductive biology, including genetic modification, cryopreservation and surrogate propagation (Reviewed by Yoshizaki et al., 2004; .
Studies of Drosophila and Xenopus laevis PGCs revealed that they were specified by maternally provided cytoplasmic determinants (the germ plasm) that were partially localized in the eggs (Reviewed by Wiley, 1999) . The germ plasm is characterized by polar granules and an electron dense structure and contains the mitochondria, mRNA and proteins. In those components, in particular, vasa revealed the origin and migration of PGCs as molecular makers in many species, including chick (Tsunekawa et al., 2000) and zebrafish (Yoon et al., 1997) . vasa is an ATPdependent RNA helicase belonging to the DEAD-box family (Hay et al., 1988; Lasko and Ashburner, 1988) . It was originally identified in Drosophila as a maternal effector gene required for abdominal segmentation and germ cell specification (Schüpbach and Wieshaus, 1986) . In zebrafish, whole mount in situ hybridization using vasa during embryonic development revealed that the germ cell lineage is determined by maternally provided factors and separates from somatic cells early in development, as in Drosophila and Xenopus (reviewed by Howard, 1998; Rongo et al., 1997; Wylie, 1999) . In detail, vasa mRNA aggregates at both edges of the cleavage furrow(s) at the 2-to 4-cell stage. Occa-sionally, vasa mRNA localize at the edge of the third cleavage furrows, but this aggregation is degraded after the blastula stage. The PGCs proliferate after the blastula period and cluster around the first somites at the early segmentation period. Finally, clusters of PGCs migrate posterior to the junction of the yolk ball and yolk extension, the prospective genital ridge, keeping two clusters at both sides of the embryonic body (Yoon et al., 1997; Weidinger et al., 1999) .
PGC migration during embryonic development has also been investigated in several fishes using vasa gene homologs. In goldfish, vasa transcripts are localized at both edges of the third cleavage furrows in addition to the first and second cleavage furrows . Moreover, it has been shown that the cells taking vasa transcripts from the third cleavage furrows proliferate after the blastula stage, unlike zebrafish. At the early segmentation period, PGCs align from head to tail on both sides of the body axis. Thereafter, the PGCs aggregate to the yolk extension (prospective genital ridge region) and form the two clusters on both sides of the body axis.
On the other hand, in medaka, vasa positive cells were not detected until the late gastrula period (Shinomiya et al., 2000; Tanaka et al., 2001) . vasa positive cells were apparent at the dorsal marginal region randomly at the 70% epiboly stage. At the early segmentation period, PGCs form two clusters beside the somites. Thereafter, PGCs migrate to the gut, remaining in two clusters. These results suggest that the determination mechanisms of PGCs vary between fish species, although it is necessary that additional PGC specific molecular markers, such as nanos homologue gene mRNA (Kobayashi et al., 1996; Köprunner et al., 2001) , should be examined in medaka. However, the PGC migration patterns in these fishes correspond to the following points: 1) PGC origins are not related to the region of genital ridge formation, 2) PGCs localize on both sides of the body axis at the early segmentation period and 3) PGCs aggregate at the prospective genital ridge region while remaining in two clusters. The migration routes of PGCs, especially during the stages from the mesendodermal region to the genital ridge, have also been investigated histologically in several fishes. PGCs in medaka appear around the lateral endoderm at somitogenesis and move passively to the genital ridge via the outer layer of the lateral plate mesoderm at the side of gut (Gamo, 1961; Hamaguchi 1982) . However, in other fishes, e.g. Fundulus heterclitus and black bass (Micropterus salmonides salmonides), PGCs migrate to the genital ridge via the inner layer of the lateral plate mesoderm (Richards and Thompson, 1921; Johnston, 1951) . On the other hand, in zebrafish, during the course to genital ridge, PGCs form the pseudopodium, suggesting active movement (Braat et al., 1999) . Results of these studies suggest that the final step of the PGC migration mechanism to the genital ridge varies between fish species. The origin and migration of PGCs in teleost fishes has not been explained by common concepts, as mentioned above. This might be caused by the remarkable diversity of teleost fishes. For comprehensive understanding of teleost PGCs, genetic analysis such as large-scale mutant screening as in zebrafish is one strategy, another workable strategy is comparison between model fishes and other fish species. However, studies of PGCs using molecular markers are restricted to a few fishes, namely, zebrafish, goldfish and medaka.
In Perciformes, the most evolved group of teleost fish, the origin and migration of PGCs have not been investigated in detail. In this study, we investigate these aspects of PGCs in ukigori, Chaenogobius species (Family Gobiidae), by whole mount in situ hybridization and histological observation in HEstained paraffin sections. (Table 1) . At the 512-cell stage, the number of vasa dots was 4 to 7 in each embryo (Table 1) . Accumulations of vasa tran- -cell 4, 4, 4, 4, 4, 4, 4, 4, 5, 5, 5, 5, 5, 6, 6, 6, 6, 6, 7, 7, 7, 7, 7, 8, 8, 8, 8, 8, 5.8 512-cell 4, 5, 5, 5, 5, 5, 6, 6, 6, 7 shpere 4, 4, 4, 7, 7, 7, 8, 8, 8, 8, 8, 9, 9, 10, 10, 10, 11, 11, 12, 12, 13, 15, 16, 20 9.6 30% epiboly 8, 11, 11, 12, 12, 13, 14, 14, 14, 14, 15, 16, 18, 18, 19, 20, 20, 21, 24 15.1 90% epiboly 21, 22, 23, 25, 33, 34, 38, 41 29.6 scripts were respectively taken in single blastomeres until the blastula stage. After the late blastula stage (sphere), the number of vasa-positive cells increased and divided vasa-positive cells located adjacent to each other ( Fig. 2A , Table 1 ). At the 30% epiboly stage, clusters of vasa positive cells were mainly observed at the marginal region of the blastodisc. The number of clusters was 4 to 6 at the 40% epiboly stage in each embryo (Table 2) . At the 90% epiboly stage, vasa positive cells were located both at the germ ring region of the blastoderm and the dorsal anterior region along the embryonic body ( Fig. 2 B,C) . At the bud stage, vasa positive cells were aligned along both sides of the embryonic body from the head to the tail bud region. At the 10-somite stage, vasa positive cells were also found, similar to those at the bud stage (Fig. 2D) . At the 15-somite stage, vasa-positive cells migrated toward the axial region in a line (Fig. 2E ). At the 20-somite stage, both sides of PGCs aggregated under the trunk region, although some vasa-positive cells were located at the head region (Fig. 2F) . At the 30-somite stage, vasa positive-cells were aligned at both sides of the newly formed gut of the 4th-to 8th-somite region, however, some vasa-positive cells remained at the head region (Fig. 2G ). These vasa-positive cells localized at the head region were detected until at least 5-dpf embryos.
Results
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THE NUMBER OF VASA SIGNALS OR VASA-POSITIVE CELLS OB-SERVED BY WISH FROM THE 16-CELL TO 90% EPOBOLY STAGE
Observation of PGCs in HE-stained histological sections
To identify the location of PGCs after the somitogenesis period and the migration of PGCs in the germ layer, we observed paraffin sections of ukigori embryos from the blastula to 12-dpf stages. When we observed the gonadal anlage of 8-dpf embryos, the cells located around the dorsal peritoneum and upper part of the body cavity were identified as PGCs by the characteristics as mentioned in Materials and Methods (Fig. 3  K,L) . The PGCs could be traced back to the 10-somite stage. At the previous stages, PGCs could not be distinguished from somatic cells because eosinophilic yolk granules preserved in somatic cells prevent differentiation of PGCs and somatic cells.
At the 10-somite stage, PGCs were located in the lateral to trunk region of the lateral plate mesoderm. In this stage, many PGCs came in contact with the yolk syncytial layer (YSL) (Fig.  3 A,B) . At the 20-somite stage, PGCs were located at a more axial part of the mesendodermal layer than before (Fig. 3 C,D) . At the 20-somite stage, some PGCs were located on the dorsal midline of the endoderm region, but not observed in the region after the gut cavity was formed. At the 30-somite stage, the majority of PGCs were in contact with the lateral part of the gut (Fig. 3 E,F) . In 4-dpf embryos, PGCs were more dorsally located in the lateral plate mesoderm lateral to the gut and separated from the YSL (Fig. 3 G,H) . PGCs of this stage were in close contact with the gut. In 6-dpf embryos, the majority of PGCs were located on the dorsal part of the gut (Fig. 3 I,J) . In 8-dpf embryos, most of them reached the dorsal peritoneum of the upper part of the body cavity ( Fig. 3 K,L) .
THE NUMBER OF CLUSTERS OF VASA-POSITIVE CELLS OBSERVED BY WISH AT THE SHIELD STAGE
Comparison of vasa positive cells and histological PGCs
To elucidate whether vasa positive cells were identical to histologically detected PGCs or not, WISH samples hybridized with vasa probes were sectioned and analyzed. In latesomitogenesis period embryos, vasa positive cells were observed mainly in the trunk region (Fig. 4 A,B) and sometimes in the head region (Fig. 4 C,D) . As a result, vasa positive cells were located at the same positions as PGCs observed histologically at the 20-somite stage (Fig. 2F) . Moreover, the edges of cleavage furrows. In the ukigori embryos, irregular dividing patterns were sometimes observed at the 8-cell stage . This irregular cleavage pattern may cause a distorted aggregation pattern of vasa mRNA and result in unstable numbers.
In ukigori embryos, vasa mRNA aggregated at both edges of the first, second and third cleavage furrows. Knaut et al. (2002) discussed that the mechanisms of aggregation of vasa mRNA at the cleavage plane are lost in the Euteleostei including medaka and trout, different from the Osteriophysans. However, in this study, vasa mRNA aggregated at the edges of the cleavage furrows of ukigori embryos, which belong to the Euteleostei, at the cleavage period. Hence, there is room for reconsideration in terms of the relationship between the phylogenetic position of fish and the accumulation patterns of vasa transcripts.
PGCs were observed at the head region during the somitogenesis period in high frequency (50%). Moreover, some head PGCs were histologically detected in the head ectoderm. In teleosts, average number of vasa-positive cells in WISH embryos was approximately equal to those of PGCs in HE-stained histological sections, at 10-somite stage (Table. 3).
Discussion
In this study, we carried out WISH by using shiro-uo vasa probes in ukigori embryos. vasa mRNA accumulated at the cleavage furrows and thereafter, signals were continuously observed in the restricted cells. The locations of vasa mRNA were similar to those observed in other fish species in which the origin and dynamics of PGCs were reported by vasa mRNA (Yoon et al., 1997; Otani et al., 2002) In zebrafish, vasa signals from the third cleavage furrows did not proliferate (Yoon et al., 1997) , but in goldfish, all signals from the third cleavage furrows proliferated (Otaninet al., 2002 15, 17, 18, 18, 24, 25, 25, 27, 35, 35, 41 25.5 HE-stained histological 10-somite 12 18, 19, 22, 22, 22, 23, 23, 25, 27, 31, 33, 34 24.9 sections PGCs have been observed in the trunk mesendoderm region during embryogenesis, but seldom around the head region, especially the head ectoderm. In goldfish, ectopic PGCs have been histologically detected around the head mesoderm and frequently in the head region (Kazama-Wakabayashi et al., 1999; Otani et al., 2002) . These ectopic PGCs suggest that large scale mixing of blastomeres during the blastula stage carry some PGCs from the marginal zone to the animal pole region and consequently, that convergence movements produce ectopic head PGCs at the somitogenesis period . In ukigori embryos, vasa mRNA aggregations are occasionally formed at the middle part of the blastodisc, by the third horizontal cleavage plane (present study) and large scale mixing of blastomeres is also observed from the blastula to the epiboly stage , suggesting localization of PGCs around the prospective head region of the blastoderm during gastrulation, as in goldfish. However, the actual movement of PGCs to the head region is still unknown. Examination of the route of visualized PGCs during gastrulation, as in zebrafish, is required (Köprunner et al., 2001 ). The migration route, shown by histological sections and WISH in vasa mRNA, of PGCs in ukigori is summarized in Fig. 5 . Germ plasm aggregating in early cleavage furrows is inherited by several blastomeres during the blastula stage, the resultant founder cells of PGCs proliferate during epiboly and PGCs are located at both sides of the body axis during the subsequent segmentation period. These processes of PGCs movement are similar to those of other teleost fish species reported. Thereafter, however, PGCs in ukigori immediately migrate in the dorsal direction to the body axis during the subsequent segmentation period, instead of in the posterior direction as reported in other species. In the center of the body axis, PGCs from both sides seem to be mingled on the endoderm and redistributed to both sides of the gut. This PGC migration pattern is similar to that of the shiro-uo, belonging to the same family gobiidae as the ukigori (Saito et al., 2002) . The timing of PGC redistribution after 20-somite stage is corresponded to the definite gut formation. It seems probable that the newly formed gut affecting the PGCs migration.
THE NUMBER OF VASA-POSITIVE CELLS AND PGCS IN WISH AND HE-STAINED HISTOLOGICAL SECTIONS
On the other hand, in other species of fishes, such as zebrafish, goldfish and medaka, PGCs at both sides migrate posterior-ward to the presumptive genital ridge region, then localize in sides of gut in the course of the posterior movement (Weidinger et al., 1999; Shinomiya et al., 2000; Tanaka et al., 2001; Otani et al., 2002) . In zebrafish, it has been reported that migration of PGCs is guided by the chemokine signal SDF-1a (Doitsidou et al., 2002) . Therefore, the expression patterns of guidance signals such as SDF-1a remain to be examined. In final step of PGC migration to the genital ridge, ukigori PGCs migrate along the inner layer of the lateral plate mesoderm lateral to the gut. This route of PGC migration has been observed in Fundulus heteroclitus (Richards and Thompson, 1921) and black bass (Johnston, 1951) . In this step, PGCs migrate actively with pseudopodia to the genital ridge in zebrafish (Braat et al., 1999) . On the other hand, in medaka embryos, PGCs move to the outer layer of the lateral plate mesoderm and migrate passively dorsal-ward, from light-and electron-microscopic observations (Gamo, 1961; Hamaguchi, 1985) . From this point, PGCs seem to adopt several mechanisms in the final step to the genital ridge, although it is unclear whether PGCs in ukigori migrate to genital ridge passively or actively. Since there is little knowledge of the migration of PGCs to the genital ridge, it is necessary to investigate the mechanism of migration of the later step to the genital ridge.
In summary, we identified the migration route of PGCs from the origin to the genital ridge during embryonic development in ukigori, Perciformes gobiidae. These results suggest that the migration routes and localized patterns of PGCs are influenced by embryonic development in each fish, although are mainly conserved. Further research on the migration of PGCs in ukigori would clarify the behavior of fish PGCs.
Materials and Methods
Gametes and embryo culture
Fertilized eggs of ukigori were sampled at the Moheji and Ryukei rivers, near Hakodate, in the southern part of Hokkaido, Japan, from April to June. Stones, on which eggs were spawned, were collected in the rivers and transferred to the Nanae Fresh-Water Laboratory. Eggs were removed from the stones and dechorionated by fine forceps. Dechorionated embryos were cultivated in Ringer's solution (120 mM NaCl, 2.8 mM KCl, 1.8 mM CaCl 2 ) containing 0.01% penicillin-streptomycin and 1.6% egg albumen at 20°C until the epiboly period. After the epiboly or segmentation period, the embryos were cultivated in culture medium (1.8 mM CaCl 2 and 1.8 mM MgCl 2 ) containing 0.01% penicillin-streptomycin at 20°C until the hatching period. The developmental stages were determined by external morphology according to .
Whole mount in situ hybridization using vasa probe
Whole mount in situ hybridization (WISH) was carried out essentially as described by Thisse et al. (1994) with slight modification. Antisense vasa probe from shiro-uo, Leucopsarion petersii, (Accession No. AB098252) containing 0.38 Kb DEAD-box regions were prepared using a digoxigenin (DIG) RNA labeling kit (Roche). Manually dechorionated embryos were fixed with 4% paraformaldehyde in PBS for 20-to 30 h. Fixed embryos were stored in 100% methanol at -20°C. Then embryos were rehydrated in PBT (1X PBS 0.1% Tween 20) 2 times for 5 min each. Embryos older than the beginning of somitogenesis were treated 10 to 60 min with proteinase K (10 µg/ml in PBT). Embryos were postfixed in 4% paraformaldehyde in PBS for 20 min and then rinsed in PBT 3 times for 5 min each. The embryos were prehybridized 3 hour at 62°C in hybridization buffer (50% formamide, 5X SSC, 50 µg/ml heparin, 500 µg/ ml tRNA, 0.1% Tween 20). The hybridization was done in the same buffer containing probe overnight at 62°C. Then the embryos were washed at 62°C for 10 min in (50% formamide, 50% 5X SSC, 0.1% Tween 20), 10 min in (50% formamide, 50% 2X SSC, 0.1% Tween 20), 10 min in (25% formamide, 75% 2X SSC, 0.1% Tween 20), 10 min in (2X SSC, 0.1% Tween 20), 4 times 15 min in (0.2X SSC, 0.1% Tween 20). Further washes were performed at room temperatures for 5 min in PBT and then 1~8 hour in Blocking solution (PBT with 10% blocking reagent). Then the embryos were incubate overnight at 4°C with anti-digoxigenin antiserum (Roche) at a 1/8000 dilution in a blocking solution and then embryos were washed 6 times for 20 min each in PBT at room temperature. Then embryos were washed 3 times for 5 min each in Staining buffer (100 mM Tris HCl pH 9.5, 50 mM MgCl 2 , 100 mM NaCl, 0.1% Tween 20). Detection was performed in Staining solution (3.375 mg/ml NBT, 1.75 mg/ml BCIP, Staining buffer) at 4°C. When the color was developed, the reaction was stopped in 1X PBS. Photographs were taken using an Olympus CAMEDIA imaging system DS3030U equipped with a SZX-12 stereomicroscope.
Histology
For histological observation, embryos were fixed with Bouin's fixative for 2 h, dehydrated in a butyl alcohol series and embedded in paraffin. Serial sections were cut 8 µm thick. PGCs were confirmed based on location and characteristics; such as round shape, large nuclei, relatively large size and clear nuclear membrane, similar to those observed in other fishes (Braat et al., 1999; Kazama-Wakabayashi et al., 1999; Nagai et al., 2001 ). The PGCs size varied between 10 and 20 µm. Using these characteristics, the origin of the PGCs could be traced back to the 10-somite stage.
WISH samples stained with vasa probes were dehydrated in a butyl alcohol series and embedded in paraffin. Serial sections were cut 12 µm thick. The location of vasa positive cells was compared with HE-stained PGCs.
